Price ER, Guglielmo CG. The effect of muscle phospholipid fatty acid composition on exercise performance: a direct test in the migratory white-throated sparrow (Zonotrichia albicollis). Am J Physiol Regul Integr Comp Physiol 297: R775-R782, 2009. First published July 8, 2009 doi:10.1152/ajpregu.00150.2009.-Dietary polyunsaturated fatty acids (PUFA) can have various effects on animal physiology through their roles as energy, structural, regulatory, and signaling molecules. Of recent interest has been the incorporation of dietary PUFA into muscle membranes as phospholipids, thereby potentially affecting exercise performance by mechanisms such as altered mitochondrial proton leak and membrane-bound protein activity. We first studied the effects of a high-6 PUFA diet vs. a high-3 PUFA diet on peak metabolic rate (PMR) in white-throated sparrows, and additionally measured mRNA expression of fatty acid transporters and the activity of major oxidative enzymes. Our experiment, thus, allowed a test of the "natural doping" hypothesis. With a simple diet manipulation, the two groups of sparrows diverged significantly in both muscle phospholipid composition and adipose triacylglycerol composition. The high-6 sparrows achieved higher PMR without a change in enzyme activity or transporter expression. We then fed sparrows the 2 diets, followed by a food restriction (H3RI and H6RI treatments). When their adipose stores were exhausted, we fed both groups a common diet of intermediate fatty acid composition. This protocol resulted in the H6RI and H3RI groups diverging significantly in muscle phospholipid composition, but they had substantially similar adipose stores. PMR did not differ between the H6RI and H3RI groups. We conclude that muscle phospholipids do not play a major role in affecting exercise performance. The fatty acid composition of stored triacylglycerol may instead affect exercise via the preferential use of particular fatty acids by muscles. natural doping; polyunsaturated fatty acids; omega 3; omega 6; adipose; membrane DIETARY POLYUNSATURATED FATTY acids (PUFA) are essential nutrients that play pivotal roles in animal health (44) and metabolism (20) . Although PUFA can be oxidized for energy, they also serve as essential structural components of various biological molecules. They can be incorporated into eicosanoids, signaling molecules that play roles in inflammation, platelet aggregation, and other processes. As part of phospholipids (PL) in membranes, they have been implicated in controlling metabolic rate (20). They are also known to regulate gene expression, particularly in hepatic and adipose tissues through peroxisome proliferator-activated receptors (PPAR) (42). These varied effects of PUFA acting as structural, energy, regulatory, and signaling molecules can, in turn, affect processes at higher levels of organization.
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Many recent studies have focused on the effects of PUFA on exercise performance in humans and other animals (21, 25, 27, 33) . The mechanism by which dietary PUFA affect exercise performance is unknown, but it has often been ascribed to the associated changes in muscle PL composition. For example, Ayre and Hulbert (3) demonstrated that treadmill running endurance in rats could be affected by dietary PUFA, a result they concluded was due to changes in the composition of muscle PL fatty acids. Various other studies have demonstrated an effect of exercise on muscle PL fatty acid composition or vice versa (2, 21, 39, 48) . Further, a comparative analysis of maximal running speed in mammals revealed a positive correlation with the proportion of muscle PL 6 fatty acids (41) . Nonetheless, while membrane PL composition is often proposed as a mechanism to explain the performance differences observed in these studies, this hypothesis has not been thoroughly tested with manipulative experiments. For example, dietary manipulations intended to change PL fatty acid composition can also affect adipose fatty acid composition, which itself may affect exercise performance (22, 37, 38) . The failure to tease apart these potential mechanisms by which PUFA affect exercise is in large part due to the difficulty of directly and independently manipulating membrane composition in vivo.
Because of their extreme athletic accomplishments, migratory birds have recently received attention as models for studying the effects of dietary fatty acids on exercise (37, 39) . For example, Maillet and Weber (24, 25) demonstrated correlations between oxidative capacity and muscle membrane PL composition in shorebirds at a migratory stopover, eating a diet rich in -3 fatty acids. Aside from their athletic prowess, migratory birds also provide an animal model that can rapidly change the amount of stored adipose triacylglycerol. In the present study, we take advantage of this trait, as well as the difference in turnover rates between adipose triacylglycerol and muscle PL. By employing a dietary composition manipulation and a food restriction, we test whether muscle membrane fatty acid composition is driving exercise performance differences. Further, we examine the effects of the diets rich in either 3 or 6 PUFA on muscle enzyme activities and fatty acid transporter mRNA expression.
MATERIALS AND METHODS
Animals. Fifty-four white-throated sparrows (Zonotrichia albicollis) were captured during migration through southwest Ontario, Canada. White-throated sparrows were used because they are common long-distance short hop migrants that are relatively easy to keep in captivity and will readily eat synthetic diets. Sparrows were individually housed in 40 cm (height) by 45 cm ϫ 45 cm cages for the duration of the study. Sex was determined after the experiment by inspection of the gonads. Experimental protocols were approved by the University of Western Ontario Animal Use Subcommittee (Protocol #2005-060-08), and a collection permit was obtained from the Canadian Wildlife Service (CA 0170).
Diets and dietary manipulation. Two synthetic diets were used in the experiment, modified from the "grain" diet of Pierce and McWilliams (36) (Table 1) and differing from each other only in the type of oils used. The "high 6" diet contained 10% Loriva extra virgin sesame oil (nSpired Natural Foods, San Leandro, CA) and 3% refined menhaden oil (MP Biomedicals, Solon, OH) by mass. The "high 3" diet contained 10% menhaden oil and 3% sesame oil. These diets should supply more than the minimum dietary requirements of essential fatty acids for birds (32, 46) . An "intermediate" diet contained 6.5% of both oils. All sparrows were provided water ad libitum throughout all experiments.
The first experiment tested whether dietary fatty acids can alter exercise performance. Thirteen sparrows were fed high 6 diet ad libitum (H6 treatment), and 13 sparrows were fed high 3 diet ad libitum (H3 treatment). Exercise performance was assessed (see below) at the conclusion of 3 wk on the diet.
The second experiment tested whether the effects on exercise observed in the first experiment were caused by changes in muscle membrane fatty acid composition, or another change such as composition of adipose triacylglycerol stores. Fourteen sparrows were fed the high 6 diet (H6RI treatment) and 14 sparrows were fed the high 3 diet (H3RI treatment) ad libitum for 3 wk. This altered the fatty acid composition of both muscle membrane fatty acids and adipose fatty acids. We then restricted the total amount of diet provided to the birds each day, causing them to use triacylglycerol from their adipose stores. Birds store most extramuscular lipids in the furcular hollow and abdomen; these stores are visible through the translucent skin (23) . Thus, we were able to determine when the sparrows had essentially exhausted their extramuscular lipid stores. We found that the sparrows could generally maintain weight on 7 g of food and that providing less than 3 g of food each day successfully reduced fat stores within a few days. The amount of food given was tailored to each bird's response to the restriction; we attempted to exhaust visible fat stores in four days unless an individual started with exceptionally large fat stores. This timeline was generally successful, although this process varied from 1 to 9 days. At that point, we provided the intermediate diet ad libitum, so that both groups of sparrows would store adipose fat of the same composition (Fig. 1) . The turnover of fatty acids in muscle PL was expected to be slower than adipose triacylglycerol (47) , such that muscle PL differences would persist between diet groups, while adipose differences would disappear. The success of this manipulation was verified by post mortem analysis of tissue fatty acid composition (see RESULTS). On the 3rd day of eating the intermediate diet, birds were assessed for exercise performance.
Exercise performance. We assessed exercise performance in an enclosed "flight wheel," similar to that used by Chappell et al. (9) and others (8, 37) . The rubber lined wheel (16 cm width, 24 cm diameter) was continuously supplied with air (3.5 l/min STP) that had been dried (Drierite, W.A. Hammond Drierite , Xenia, OH) and scrubbed of CO 2 (Ascarite, Thomas Scientific, Swedesboro, NJ). Air exiting the chamber was subsampled at ϳ150 ml/min and dried before entering a CO 2 analyzer (model CA-2A; Sable Systems, Las Vegas, NV), passed through ascarite to remove CO 2, and then drawn through an O2 analyzer (model FC-1B; Sable Systems). Analyzers were calibrated daily with nitrogen and a span gas (21% O2-2% CO2-77% N2). Analyzer output (6 readings/min) was recorded and analyzed on a laptop computer with Datacan software (Sable Systems).
On the day of exercise assessment, food was removed from the birds' cages 3 h before exercise to ensure that the animals were in a postabsorptive state. Prior to assessing exercise, ϳ75 l blood was drawn from the alar vein and spun down in a hematocrit centrifuge. The bird was placed in the wheel, which was then covered to induce the bird to rest. After 15 min, we removed the cover and began spinning the wheel for 30 min. The spinning induces the bird to flutter and hop, generally achieving a high metabolic rate early, which then decreases. One experimenter performed the tests for all birds, and the wheel was spun at the maximum speed that the bird could maintain. We calculated a peak metabolic rate (PMR) from the maximum average V O2 achieved over a 5-min interval. Immediately following the exercise bout, sparrows were euthanized by cervical dislocation under isoflurane anesthesia. Pectoralis muscle and adipose tissue were immediately dissected out and stored at Ϫ80°C for later analysis.
Lipid extraction and quantification. Lipids were extracted as in Guglielmo et al. (18) from a subset of H3 and H6 birds and from nearly all H3RI and H6RI birds. Briefly, pectoralis (50 -100 mg) or adipose (5-10 mg) tissue was homogenized 3 ϫ 10 s in 15 ml chloroform:methanol (1:1 vol/vol; all solvents supplied by Caledon Laboratories, Georgetown, ON, Canada) with a high-speed stainless homogenizer to extract all lipids. This was centrifuged for 15 min at 2,056 g. We filtered this (Whatman no. 1) and added 10 ml chloroform/methanol (2:1 v/v). We then added 6 ml 0.25% KCl to partition and remove hydrophilic solutes. The solvent was evaporated (Rotovapor, Buchi, Switzerland) and lipids were resuspended in benzene/ methanol (2:1 v/v) for storage at Ϫ20°C. Later the benzene:methanol was evaporated and lipids were resuspended in 100 l chloroform for loading onto Supelclean solid phase extraction tubes (Supelco, LC-NH2, 100 mg; Sigma-Aldrich Canada, Oakville, ON, Canada). Neutral lipids (mostly triacylglycerol) were eluted with 1.8 ml chloroform: isopropanol (2:1 vol/vol). Nonesterified fatty acids were then eluted with 1.6 ml isopropyl ether:acetic acid (49:1 vol/vol). PL were eluted with 3 ml methanol. We added heptadecanoic acid (17:0; 200 l, 30 mg/100 ml in hexane, Sigma) as an internal standard, and then evaporated the PL fraction to dryness under N2. The PL fraction was transesterified with 2 ml acetyl chloride in methanol (1 M), which was heated for 2 h at 90°C. The solvent was evaporated under N2 and fatty acid methyl esters were resuspended in 1 ml dichloromethane. This was then diluted 1:10 in dichloromethane for injection into the gas chromatograph. e See text for details of oil mixture. f Major fatty acids components are listed here as percent of total fatty acids as measured by gas chromatography of fat extracted from the diets.
Fatty acids were separated on a 6890 N gas chromatograph (Agilent Technologies Santa Clara, CA) with a J&W Scientific highresolution gas chromatography column (DB-23, Agilent Technologies) and flame ionization detector. The carrier gas was helium. The temperature program was 2 min at 80°C, increase by 5°C/min to 180°C, then hold 3 min, increase by 1.5°C/min to 200°C, then increase 10°C/min to 240°C, then hold 3 min. Fatty acids with fewer than 16 carbons were excluded from statistical analysis because precautions to minimize volalitzation were not taken. Only fatty acids constituting more than 0.5% mass of the total fatty acids in pectoralis PL or adipose were considered in the analyses. Results are presented as mass percents of the fatty acid methyl esters. The identities of fatty acids were determined by comparison of retention times to those of standard mixtures of fatty acid methyl esters (Supelco 37 component mix FAME mix, PUFA No. 3 from menhaden oil, F.A.M.E. Mix C8-C24, Sigma).
To better understand the ability of the birds in different treatment group to mobilize fatty acids, we used the double-bond index (DBI, the number of double bonds per 100 fatty acids), as well as two indexes we created on the basis of our previous work (38) . The mobilizability index is an index of expected grams of fatty acid mobilized per time, assuming relative mobilization values measured previously (38) are proportional to mobilization rates. This was calculated as ⌺[(mass % FA i) (relative mobilization of FAi)], where relative mobilization of FAi comes from values for Philomachus pugnax (38) . Rates for P. pugnax were used because the diversity of fatty acids in their adipose (38) allowed for construction of this index using all the adipose fatty acids observed in the current study. Similar patterns of mobilization were also observed in the current study species (E. R. Price, unpublished results) and in the congener Z. leucophrys (38) , but with a much more limited set of fatty acids. The ATP mobilization index was the same index converted from grams to expected ATP produced from ␤-oxidation of the mobilized fatty acids. It was calculated as ⌺[(mobilizability index) (mol ATP/g FA i)]. As these indices were created based on mobilization rates measured in another species, we do not present them as quantitative rates, but rather as qualitative indices of mobilization.
Enzyme activity. Approximately 100 mg pectoralis samples were used for enzyme assays. Carnitine palmitoyl transferase (CPT; EC 2.3.1.21), citrate synthase (CS; EC 2.3.3.1), 3-hydroxyacyl-CoA dehydrogenase (HOAD; EC 1.1.1.35), and lactate dehydrogenase (LDH; EC 1.1.1.27) were assayed as previously reported (39) .
mRNA expression. Expression of two membrane fatty acid transporters, fatty acid translocase (CD36/FAT) and plasma membrane fatty acid binding protein (FABPpm), the cytosolic transporter H-FABP, and two housekeeping genes (␤-actin and GAPDH) were measured using real-time PCR, according to the methods of McFarlan (26) and are previously described (39) . Briefly, pectoralis muscle was ground in a glass homogenizer with TRIzol (Invitrogen, Burlington, ON, Canada). RNA was extracted and then reverse transcribed to create complementary DNA (cDNA). We prepared negative controls using water instead of RNA. Real-time PCR was run for each gene separately with a Rotor-Gene 6000 Real-Time Rotary Thermocycler (Corbett Life Science, Concorde, NSW, Australia). Fluorescence of the samples was measured at the end of each cycle.
Samples were run in duplicate, and the cycle threshold of each gene was compared with a single calibrator on every run. The calibrator was created from a pool of several sparrow cDNA samples. Using a serial dilution of the calibrator, we also calculated reaction efficiency for each gene. Expression in each sample was calculated as Efficiency ⌬Ct , where ⌬Ct is the cycle threshold of the calibrator minus the cycle threshold of the sample. For each fatty acid transporter gene, we calculated an expression ratio, which was the expression of the transporter gene divided by the geometric average of the two housekeeper genes' expression. For each transporter gene, we normalized the expression ratio to the H3 treatment group arithmetic mean.
Statistical analysis. Sex had no effect on performance variables, so we combined sexes for further statistical analysis. The effect of body mass was not significant when included as a covariate. For analysis for fatty acid percentages, we performed an arcsine square root transformation prior using t-tests to determine differences between the H3 and H6 groups and differences between the H3RI and H6RI treatment groups. ANOVA were used with Tukey post hoc tests to determine differences in performance, enzyme activity, and gene expression. mRNA data were log transformed prior to ANOVA when there was heterogeneity of variance. Statistical analyses were performed using SPSS 11.0 (SPSS, Chicago IL). Data are presented as means Ϯ SE. 
RESULTS

Fatty acid analysis.
The diets caused significant changes in both adipose triacylglycerol composition and muscle PL fatty acid composition (Tables 2 and 3 ). The adipose tissue of the H3 and H6 birds became distinct in fatty acid composition, with H3 adipose enriched with 20:53 and 22:63, and the H6 adipose enriched with 18:26. Notably, proportions of nearly all of the fatty acids differed between the H3 and H6 treatments ( Table 2) . Pectoralis PL fatty acid composition was also affected by diet, although the effects were more restricted. The PL fatty acid composition only differed between the H3 and H6 groups for certain unsaturated fatty acids, i.e., 18: 19, 18:26, 20:46, and 22:63 (Table 3) . After the food restriction and then feeding on the intermediate diet, differences in adipose composition of the H3RI and H6RI groups largely disappeared, with only 16:0 and 18:26 remaining significantly different between groups (Table  2) . Pectoralis PL fatty acids retained their differences between the H3RI and H6RI groups, and a few fatty acids became significantly different that had not been prior to the restriction (Table 3) .
Adipose DBI was significantly greater in H3 than H6 birds, but significantly greater in H6RI than H3RI birds. Both the mobilizability index and ATP mobilizability index were significantly greater in H6 than H3 birds and greater in H6RI than H3RI birds (Table 2) .
Exercise performance. Body mass was not significantly different between the H6 (25.68 Ϯ 1.38 g) and H3 (24.59 Ϯ 0.78 g) groups nor the H6RI (22.66 Ϯ 0.43 g) and H3RI (22.16 Ϯ 0.26 g) groups. Neither liver mass nor pectoralis mass were significantly affected by treatment (P Ͼ 0.3).
PMR was significantly greater in the H6 group compared with the H3 group (P ϭ 0.037; Fig. 2 ). There was no significant difference in PMR between the H3RI and H6RI groups (P ϭ 0.849), but PMR was lower in both of these groups than the H3 and H6 groups, respectively (P Ͻ 0.01). Respiratory exchange ratio during PMR did not differ significantly (P Ͼ 0.5) between the H3 (0.79 Ϯ 0.01) and H6 (0.80 Ϯ 0.01) groups, although it did differ significantly (P ϭ 0.046) between the H3RI (0.81 Ϯ 0.03) and H6RI (0.91 Ϯ 0.04) groups. Hematocrit was significantly elevated (P ϭ 0.046) in the H6 group (47 Ϯ 0.7) compared with the H3 group (44 Ϯ 1.0). There was no difference in hematocrit between the H3RI (42 Ϯ 0.8) and H6RI (43 Ϯ 1.1) groups. Hematocrit was not significantly correlated with PMR, either within or across treatments.
Enzyme activity. Between the H6 and H3 groups, there were no significant differences in the activities of any of the measured enzymes (P Ͼ 0.5 for all, Fig. 3 ). Between the H6RI and H3RI groups, there were no significant differences in CPT, HOAD, or LDH (P Ͼ 0.4 for all). However, CS was significantly greater in the H3RI group compared with the H6RI group (P ϭ 0.014).
mRNA expression. The treatments had no effect on the expression of either of the housekeeping genes (GAPDH, P ϭ 0.359; ␤-Actin, P ϭ 0.898), nor the geometric mean of the two housekeeping genes (P ϭ 0.565), validating their use in standardizing the fat transport genes. Using these genes in a housekeeping index, we found that there was no difference in the membrane fatty acid transporters FABPpm (P ϭ 0.999) and CD36/FAT (P ϭ 0.548), nor the cytosolic H-FABP (P ϭ 0.895) between treatment groups (Fig. 4) . (38) .
DISCUSSION
Effects of dietary fatty acids on exercise performance. Dietary fat manipulations have had variable effects on exercise
d ATP mobilizability index ϭ ⌺͓(mobilizability index) (mol ATP/g FAi)͔, where mol ATP/g was calculated using noninteger values for ATP production (5).
performance (3, 27, 34, 37, 51) . These studies have been performed on a wide range of vertebrate taxa with a variety of diet components, and this may account for some of this inconsistency. Furthermore, dietary fatty acids could have different effects on different types of exercise. Previous work in birds has demonstrated performance differences due to dietary fat composition, in both PMR and energy efficiency (29, 37) . Our results show a clear effect of dietary fatty acid profile on performance in sparrows. In particular, a diet enriched in 6 fatty acids resulted in higher peak metabolic rate achieved by the sparrows. This also agrees with several previous findings that rats and fish had greater running endurance and maximal swimming speed, respectively, when fed diets enriched with 6 fatty acids (3, 10, 27) .
Maillet and Weber proposed the natural doping hypothesis, which states that some birds are able to increase their migratory performance by feeding on 3-rich amphipod prey immediately prior to a long flight (25, 52) . This could occur via changes to muscle PL or via upregulation of fatty acid oxidation capacity through PPAR-mediated pathways (52) . The hypothesis is based on correlations between muscle oxidative capacity and 3 fatty acids in muscle PL of semipalmated sandpipers (Calidris pusilla) refueling at a migratory stopover (25) . We have previously found a negative correlation between muscle PL 3 and oxidative capacity in sparrows (39) , and in our current study, dietary and tissue PUFA composition had no effect on oxidative enzymes or fatty acid transporters, many of which are known to be controlled by PPAR (52) . The general effects of PUFA on exercise are still a matter of debate. On the basis of the current study and previous studies that directly Fig. 2 . Peak metabolic rate (PMR) in white-throated sparrows. H3 (n ϭ 13) and H6 (n ϭ 13) birds were fed high-3 (n ϭ 13) and high-6 (n ϭ 14) PUFA diets, respectively. H3RI and H6RI birds were fed the same diets, lost mass via restricted intake, and then switched to an intermediate diet. There was a significant difference in PMR (*P ϭ 0.037) between the H3 and H6 groups, but no difference between the H3RI and H6RI groups. Data are expressed as means ϩ SE. Data are mean mass percent composition Ϯ SE. Statistical tests detect differences between H3 and H6 or between H3RI and H6RI; *P Ͻ 0.05, †P Ͻ 0.01. ‡These metrics include all fatty acids detected, including minor ones not listed above. Fig. 3 . Enzyme activity of citrate synthase (CS), 3-hydroxyacyl-CoA dehydrogenase (HOAD), carnitine palmitoyl transferase (CPT), and lactate dehydrogenase (LDH) in white-throated sparrow pectoralis muscle. H3 (n ϭ 7) and H6 (n ϭ 7) birds were fed high-3 and high-6 PUFA diets, respectively. H3RI (n ϭ 14) and H6RI (n ϭ 14) birds were fed the same diets, lost mass via restricted intake, and then switched to an intermediate diet. There were no significant differences in enzyme activity between the H3 and H6 groups; however, CS was significantly elevated in H3RI compared with H6RI (*P ϭ 0.014). Data are expressed as means ϩ SE. manipulated diet in birds and other animals (3, 27, 37) , the evidence suggests that consumption of diets enriched with 6 fatty acids, more so than 3 fatty acids, could lead to better migratory performance. 3 fatty acids, particularly via their presence in membranes, could still play beneficial roles in exercise performance, but such effects appear small compared with other factors affected by fatty acids in the diet.
The role of phospholipid composition in performance. Many explanations have been proposed for why dietary fatty acids should affect performance. These include alteration of muscle PL fatty acids (1, 3, 18, 19, 21, 39, 50) , alteration of adipose stores (12, 22, 37, 38) , PPAR activation resulting in increased mitochondrial and peroxisomal proliferation (52), changes in red blood cell deformability (34) , alteration of cardiovascular function (10, 45) , and other hypotheses. We were specifically interested in the possibility that muscle PL could affect whole organism exercise performance. Membrane fatty acid composition can alter membrane-bound enzyme activity (21, 31) , mitochondrial proton leak and oxidative capacity (16, 17, 35) , and insulin sensitivity (7) , properties that could potentially result in exercise performance differences. High-performance muscles from hummingbirds and rattlesnakes have high proportions of 3 in their PL (21) . In addition, changes in muscle PL have been associated with migration (18, 24) . In controlled studies, however, manipulation of muscle PL fatty acid composition has generally been accomplished via a simple diet switch, a protocol that does not allow the PL hypothesis to be distinguished from alternative hypotheses about how dietary fatty acids affect exercise.
Our protocol allowed us to manipulate PL composition, while maintaining a common adipose composition and (recent) diet, the first study we are aware of to independently manipulate PL fatty acid composition. Given the lack of a performance difference between the H3RI and H6RI sparrows, it appears that the differences in muscle PL fatty acid composition observed in these groups do not cause a performance difference. We also observed an overall decrease in PMR in both H3RI and H6RI sparrows relative to the other two treatments. The cause of this decline is unknown, but was associated with the food restriction, and therefore, the disappearance of the performance difference could be an artifact of this aspect of the methodology. We suspect that the decrease in PMR is related to a loss of some oxidative enzymes during the food restriction protocol; this trend was observed for CS, CPT, and HOAD (Fig. 3) . Birds are known to decrease specific basal or resting metabolic rate in the early response to fasting (4, 6, 11) , and the food restriction of our protocol may have triggered this response. Although we did not measure basal metabolic rate in this study, this could explain our results assuming aerobic scope remained constant. This problem might be alleviated by allowing greater recovery time after the food restriction, but greater recovery might also allow higher turnover of membrane PL. Future studies could examine this possibility further by employing the opposite protocol (i.e., starting birds on a similar diet, restricting food, and then feeding them distinct diets). However, given the similarity of muscle PL between the H3 and H3RI and between the H6 and H6RI treatments, we conclude that the performance differences seen with a simple diet manipulation are not being driven by differences in muscle PL.
Other mechanisms of enhanced performance. The fatty acid composition of triacylglycerol stores has also been implicated in altering exercise performance (13, 22, 27, 37, 38) . This explanation is generally supported by our results, as performance differences were associated with differences in adipose composition. In birds, which rely heavily on extramuscular fats to fuel migratory flight, it has been suggested that adipose stores enriched with more unsaturated fatty acids could increase performance because they are more readily mobilized from adipose tissue (13, 22, 38) . Our results do not lend strong support to that mechanism. While both the mobilizability index and ATP mobilizability index were significantly greater in the H6 than H3 groups, this was also true for the H6RI group compared with the H3RI group, where no performance difference was seen. These indices were based on observed relative mobilizations from a different bird species fed a different diet and may not describe well the current study subjects. Nonetheless, they certainly provide no support for the hypothesis that performance is enhanced via a mechanism based on faster mobilization rates of certain fatty acids from adipocytes. Furthermore, although the respiratory exchange ratios indicate that a mixture of primarily fat and carbohydrates were oxidized, and a previous study of ruff sandpipers showed that respiratory exchange ratios did not change during shivering (49), it is unclear whether adipocyte triacylglycerol (as opposed to intramuscular stores) is the main source of that fat during such early stages of exercise.
Although adipocyte fatty acid mobilization does not appear to explain our performance results, other aspects of triacylglycerol composition could still play a role in affecting performance. Intramuscular and adipose triacylglycerol compositions are substantially similar in this species (J. Klaiman, E. R. Price, and C. G. Guglielmo, unpublished data). Although mobilization of fatty acids from adipocytes is known to be related to chain length and unsaturation (38, 40) , other aspects of the lipid oxidative pathway have yet to be examined with regard to substrate preference in birds. Sarcolemmal uptake and intramyocyte transport and oxidation are thought to be the important limiting steps in lipid oxidation (28) , yet fatty acid selectivity has not been studied for these processes in birds. In fish, the activity of CPT, an enzyme critical to the translocation Fig. 4 . Relative mRNA expression of fatty acid transporter proteins in whitethroated sparrow pectoralis muscle. For each gene, the expression ratio (target gene expression/housekeeper gene expression) is normalized to the H3 average (which was set at 1). H3 (n ϭ 6) and H6 (n ϭ 7) birds were fed high-3 and high-6 PUFA diets, respectively. H3RI (n ϭ 14) and H6RI (n ϭ 13) birds were fed the same diets, lost mass via restricted intake, and then switched to an intermediate diet. There were no significant differences between treatment groups. Data are expressed as means ϩ SE.
of fatty acids into mitochondria, is strongly influenced by fatty acid substrate (14, 43) . In particular, CPT activity is much greater with 18:26 as a substrate than with longer-chain fatty acids like 22:1 and 24:1 (14) . Given the large differences between our H6 and H3 birds with respect to the adipose composition of 18:26 and longer-chain fatty acids (20:53, 22:53, and 22:63), we speculate that the preferential use of particular fatty acids by CPT or intramyocyte fatty acid transporters drives the performance pattern in our results.
The mixture of fatty acids in the diet could also affect performance via their influence on PPARs. PPAR activity increases gene expression of key lipid metabolic proteins, such as CPT, HOAD, H-FABP, CD36/FAT, and others (52). 20:53 and 22:63 are ligands for PPARs, and thus, it has been suggested that they can increase fuel oxidative capacity (52) . We did find a nonsignificant trend for increased CD36/FAT expression in the H3 and H3RI birds, a finding that is worth further investigation. Nonetheless, this trend did not result in enhanced performance in these treatment groups.
Hematocrit can be affected by dietary fats (15) , and hematocrit was greater in the H6 group than the H3 group. If this difference is great enough to limit oxygen supply to muscles, it is possible that this is the source of the performance difference between these groups. Hematocrit did not, however, correlate with PMR either within or across treatments. Fuel selection also does not appear to explain our performance results, as respiratory exchange ratio was similar between H3 and H6 groups.
Limitations. The diets fed all of the birds were heavily enriched in total % fat and total PUFA. Our results may, therefore, only apply to similar diets, and 3 and 6 fatty acids may have different effects on performance at lower dietary levels. Notably, our sparrows had much higher levels of PL 22:63 than the sandpipers studied by Maillet and Weber (24) . Further, we used sparrows that normally encounter dietary 18:26 but probably have lower exposure to longer-chain PUFA fatty acids in their natural diets. Species-level differences may play a role in determining how dietary fatty acids affect performance. Finally, it is possible that birds with higher PMR are also less efficient during endurance flights, such that there is a tradeoff between maximal and endurance performance. Further experimentation will be necessary to determine the effects of dietary fats on performance generally in birds.
Perspectives and Significance
Previous studies of dietary fatty acids and avian exercise have focused on essentially two mechanisms: 1) rates of utilization of fatty acids oxidized for fuel, and 2) membrane fatty acids and their effects on enzymes and other processes. Our results indicate that future work should be directed primarily at the first mechanism, with a particular focus on the rates at which various fatty acids are utilized by muscles. We also encourage investigation of other hypotheses, such as the effects of PPAR activation and eicosanoid production on avian exercise. Elucidation of these mechanisms will allow a broader understanding of the impact of diet on migration, the choice of migratory stopover habitats and food selection, and how dietary fats affect exercising animals in general.
